The hydrolysis constants and the solubility products of the oxide/hydroxides of Pa(IV) and Pa(V) have been first reviewed and re-evaluated through the application of three comparative methods: the simple Hard Sphere Electrostatic model (HSE), the Brown and Wanner Theory (BWT) and the Correlation between Solubility and Complex stability constants of a metal ion (CSC). The latter method is the most empirical one, but it gives coherent results, in agreement with the few published experimental values, for all the possible aqua species of protactinium (Pa 4+ , Pa 5+ , PaO 2 + and PaO 3+ ). The selected thermodynamic data have then been used to predict the protactinium solubility in non complexing media of various pH and redox potential.
Introduction
Very few experimental studies deal with the solubility of the oxides and hydroxides of protactinium, both for Pa(IV) and Pa(V).
Concerning Pa(V), the only one value of solubility product (K s ) available in the literature is based on the very old work of Starik [1] . Assuming that the equilibrium to be considered at a pH value of 5 involves Pa(OH) 5 for the solid phase and Pa 5+ for the soluble species in solution (its composition is not defined), a K s value of 10 −55 at zero ionic strength is proposed (equilibrium Pa 5+ + 5OH − ⇔ Pa(OH) 5 ). This value, re-calculated for the most probable system PaO(OH) 3 . About the latter system, Muxart and Guillaumont [2] have proposed a limit value of around 10 −16 , which is the value given in the collections of equilibrium constants [3, 4] and in the book of Baes and Mesmer [5] .
The solubility product obtained for Pa(IV) by Muxart and Guillaumont [2] is 10 −53. 4 at zero ionic strength and corresponds to the system Pa(OH) 4 /(Pa 4+ (equilibrium Pa 4+ + *Author for correspondence (E-mail: fourest@ipno.in2p3.fr).
4OH
− ⇔ Pa(OH) 4 ). However this value should be taken with caution, owing to the difficulties encountered during the experiments due to the strong tendency of protactinium(IV) to polymerize and to be sorbed.
Moreover, the redox potential of the system Pa(V)/Pa(IV) has been revised by Guillaumont et al. [6] . The only reliable data are supplied by Bratsh [7] and Morss [8] . The standard potential of the equilibrium PaO(OH) 2+ + e − + 3H + ⇔ Pa 4+ + 2H 2 O is thus given equal to − 0.1 V/SHE. Because of this lack of experimental data, the use of predictive models appears as a necessity, which should have a double objective: to judge the availability of published data and to fill the gaps. Only semi-empirical methods can really be applied. They are generally based on a comparison of thermodynamic properties of similar elements in connection, most often, with the bond energy of the ligand. This kind of approach has already been used in order to interpolate stepwise constants or to extrapolate constants from a known to an unknown system ( [9] , Refs. 2-8 cited in [10, 11] ). The following models can be distinguished:
-the simple hard sphere electrostatic model (HSE), which can be useful for some restricted applications and in the case of very similar ions [12] . -the unified theory of metal ion complex formation developed by Brown and Wanner [13] (BWT), which completes the electrostatic interaction by taking into account structural aspects of the outermost shell. However, the choice of some parameters to be introduced (ionic radii) or considered (coordination number, electronic structure of the cation) can pose a problem. -the procedure based on the fact that, for a given ligand, solubility and complex formation of a metal ion are often correlated. Uncertainty or subjectivity of choosing some parameters of the system (as mentioned above for Brown model) as well as too large simplifications (electrostatic model) are thus eliminated. But the knowledge of one good value is necessary to estimate the second one.
The three methods have been applied in order to have a critical view of hydrolysis and solubility of Pa(IV) and Pa(V). From the selected data, solubility curves in non complexing media can be plotted.
Models and fitting procedure 2.1 Electrostatic model (HSE)
In this method, the central atom and ligands are considered as hard spheres having electric charges interacting only by Coulomb interactions. Solvation and entropic effect are neglected in this simple model. It has already been used to predict constants for hydrolysis and carbonate complexation of transuranium elements [12] . It has been applied as follows: Since
state 1 referring to the aqua ion and state 2 to the complex under consideration, we can write, by setting
In the above equations, R denotes the gas constant, T the absolute temperature, E the electrostatic potential energy, ε the dielectric constant, Z i and Z j the electric charges of the hard spheres i and j, respectively, and r ij the distance between the hard spheres i and j. The distances were obtained from ionic radii and space configuration.
Constant K has been evaluated from known stability constants, concerning Np, Pu, Pa, U, Ce, Hf, Th, Ti, Sn and Zr, for the tetravalent ions, and Pa, Pu, Np, V and Nb for the MO 2 + ions (oxidation degree 5) for which input data were available.
X values have been calculated for an octahedral geometry. The ionic radii at the coordination 6 come from the work of Shannon [14] . H 2 O is considered as a charged ligand because of the dipolar interaction and the data involving H 2 O, OH − and O 2− are those mentioned in [12] . The limit values of the stability constants are extracted from the Kotrly collection [3] and correspond, for most of them, to the data collected by Brown and Wanner [13] . The solubility products of the hydroxo compounds have been treated as hydrolysis constants. In fact, the method consists in correlating stability constants to interatomic distances through Coulomb Law. This does not mean that electrostatics is enough for a narrow prediction of equilibrium constants, but there is some chance to derive correct data in a group of similar ions or by using additional parameters in the empirical formula.
Brown-Wanner theory (BWT)
The method developed by Brown and Wanner relates the stability constants of hydroxo complexes [10] or other complexes [13] to some parameters of the central atom and ligands, which are in turn related to the bond energy (essentially electrostatic with some aspects of the outermost shell taken into account). This method comprises also some weak points. For example, the interaction with the first ligand is assumed identical to the interactions with higher order ligands, without mutual interference. The electrostatic repulsion contribution is qualitatively included in BWT only as a statistical phenomenon through the Bjerrum ratios of consecutive formation constants.
However, Brown-Wanner method can be useful not as "unified theory" but separately in area of distinct number of ligands.
For monomer complexes, log β i varies linearly with parameter (X) depending on the charge and the radius of the central ion, and on functions defined by the structure of the electron shell of the ion. More details can be found in the original sources [13] .
In order to test the method, we have first plotted the data reported by Brown and Wanner on hydrolysis, as a function of the corresponding experimental data proposed in the literature (sources: [3] [4] [5] [14] [15] [16] , [17] for Am and [18] for Np). The BWT works well for β 1 , except in the case of tetravalent elements and PaO 2 + , also for β 2 and β 3 but data are less numerous. For β 4 the number of examined data is too low.
In order to improve the fitting, we have re-determined the X-parameter value. Data used in this aim are collected in Table 1 . They have been selected in such order that the best linearity is obtained for the log β i versus X variations. Ionic radii data are, for most of them, the values proposed by Shannon [19] . They are completed or replaced by data found in [20] [21] [22] . When they exist, stability constants are chosen already extrapolated to zero ionic strength and, if possible, with a K s value associated to them (references [3-5, 14, 16] , unless specified). In some cases, Specific Interaction Theory (SIT) [23, 24] has been used to extrapolate the constant to infinite dilution. The equilibrium constants from reviews were used only when they originated from a real determination, and not from any estimation.
Correlation with hydrolysis (CSC)
A linear correlation can be expected between log K s and log β n , and the value K s can be deduced from β n and conversely. We applied the correlation either to a group of ions presenting the same charge z or to the same number of bonds − log K 1 vs. log K s /z and so on.
However, the first approach will be shown to give good results only for n = z and the second approach is not quite correct because repulsion forces depend on z and, consequently, an average value obtained by dividing by z can only be an approximation. This has been empirically corrected in the present work by adopting the following linear correlation:
i denoting the number of bonds and q i an empirical factor which originates from the ratio between two consecutive steps of the complex formation. Thus the overall values of β can be used in one common correlation. However, as β 1 is the constant measured with the highest precision and for the highest number of ions, it is appropriate to test first the linear correlation
A further development of the correlation K s /β will consist of grouping ions according to their structural parameters, with use of more defined q i values, or of looking for the influence of the solid lattice structure in order to import some corrections on this base. Table 1 . Data selected for the application of the Brown-Wanner theory. β i corresponding to the equilibrium: log β 1 = 9.59, log β 2 = 18.56 .
The log β 1 and log K s values of Pu(V) and Np(V) are also known, but completely inconsistent with those of vanadium (and niobium). If taken as a separate group of actinides, they give for protactinium values incompatible with experimental data and other predictions (log β 1 = 4.6 and log K s = 8.8).
BWT
The linearity of the curves log β i = f(X ) and log K s = f(X ) (plotted, as an example, in Fig. 1 and M 4+ ions within range ±1-1.5 for log β 1 , ±1.5 for log β 2 , ±2-3 for log β 3 , ±5 for log β 4 and ±5 for log K s . Unfortunately, we did not succeed in applying it to oxo ions. in the case of Pa 4+ , d and f orbitals have been assumed to be equivalent (this leads to a log β 1 value well positioned on the straight line log β 1 vs. X). The results are collected in Table 2 2 27.5 ± 1.5 32.5 ± 2.5 27.5 ± 2.5 24 ± 2.5 27 ± 3 2 5 .9 2 8 .0 log β 3 39 ± 3 4 4 ± 3 37.5 ± 3 34 ± 3.5 38 ± 3.5 37.3 4 0 .5 log β 4 48 ± 3 5 2 .5 ± 5 45 ± 5 39 ± 6 45 ± 6 4 7 .9 5 1 .4
The data initially chosen for estimates in a given column being in bold. Table 2 . Our predictions for the hydrolysis and solubility constants of Pa(IV). but the values so-determined are purely theoretical since Pa(V) is expected to exist in solution only as an oxo-ion.
Besides the theoretical character, we can note that: 1) the distribution of hydrolysed species based on these constants show that the first and second steps of hydrolysis are almost complete even if the concentration of acid is 1-6 M (about 90% as 3+ ion), 2+ ion prevails at pH 2.5 and 1+ at 4.4, electrically uncharged species exist at pH 6 and completely negative at pH 9; 2) these constants can serve also as source for deriving stepwise hydrolysis constants. It is also possible to predict hydrolysis constants of higher order from the linear or non linear relationships between log β i and i. The results are as follows for Pa 4+ : log β 5 = 58.6 or 55.1 and log β 6 = 68.4 or 62.8; for the "theoretical" Pa 5+ : log β 5 = 79.9/92.3 and log β 6 = 88.5/107.7 (log β 5 = 67.4/82.1 and log β 6 = 73.1/88.9 from non linear extrapolation). These data are useful to judge the behavior of Pa(V) in basic solutions. Brown et al. [13] did not describe in details how to calculate the parameter X for oxo ions; the size, effective charge and structure to be used are questionable.
CSC

Case of tetravalent elements:
The log K s /z vs. log β i and log K s vs. log β n variations show that, in the former case, a relatively good correlation is ob- tained (less good than from the Brown-Wanner theory for the two first steps, better for the following ones) and, in the latter case, excellent and comparable with that of BrownWanner (see Fig. 2 ). If all the bonded OH were equivalent, a single straight line would be expected for log K s /z vs. log β i . In reality, the slope is observed to decrease from β 1 to β n .
We have used the graphs as follows: first, the best measured constant is chosen. If it is K s , the β i values are then directly derived from the curves log K s /z vs. log β i . If it is β 1 (the most probable case), K s is first deduced from the curve log K s or log K s /z vs. log β 1 , then the hydrolysis constants of higher order are deduced in turn. The results concerning protactinium are collected in Table 2 , the data initially chosen for estimates in a given column being in bold.
Case of oxo-ions
Oxo-ions represent a special problem and have to be treated separately because: very few ions are concerned and the corresponding thermodynamic data are scarce. two forms have been assumed for Pa(V): PaO 2 + and/or PaO 3+ .
The variation log K s /z vs. log β 1 presents a good linearity in the whole group of oxo ions, but the value of protactinium (K s (PaO 2 OH) = 10 −16 ), is the only value very distant from the line. However, this K s value given for Pa(V) is, as explained in Introduction, subject to discussion. If the value of 10 −34 is chosen for K s of PaO(OH) 3 , log K s /z is equal to 11.3, in total agreement with the line. This supports the opinion about the existence of PaO(OH) 2 + rather than PaO 2 + . This phenomenon can also be explained by incorrect log K s or log β 1 experimental data. An experimental verification is required.
Since the values of log K s = −34 and log β 1 = 8 can be considered as consistent with other values of this type, the following data have been deduced from the variations log K s = vs. log β i , with log K s = −34 for PaO 3+ and −16 for PaO 2 + as starting values: for PaO 3+ : log β 1 = 10.4, log β 2 = 19.7, log β 3 = 27, log β 4 = 34.5; for PaO 2 + : log β 1 = 10, log β 2 = 19.1, log β 3 = 25. The values log β 3 = 27 for PaO 3+ and log β 1 = 10 for PaO 2 + were obtained from partial correlation log K s vs. log β i and the other ones from an overall line using appropriate q i values.
Synthesis of the results
Case of Pa(IV)
Our predictions concerning both the hydrolysis and solubility constants of Pa(IV) are collected in Table 2 . The best agreement with all the experimental data is obtained by using the HSE method for the calculations.
We can also remark that the Brown-Wanner method gives the closest hydrolysis constants compared to experimental data, but this is not true for the solubility product.
Case of Pa(V)
As seen above, the Brown-Wanner theory can only be applied to the "theoretical" system Pa 5+ -OH − , but the degree of dehydration of the species is questionable and some ionic parameters very uncertain. However, the constants can be used for stepwise equilibria, e.g. as Table 3 . Predicted hydrolysis and solubility constants of Pa(V) Predictions through the HSE method are not possible for PaO 3+ , because no ion of the same structure can be used as analogue. The empirical approach, which consists of correlating solubility and hydrolysis constants, gives a K s value of PaO 3+ in agreement with the proposed value of 10 −34 . For PaO 2 + , the HSE method is limited by a comparison with vanadium only: the constants so-obtained can be compared to the experimental data, except for K s . The comparison with Pu and Np in this case suggests that the method, used experimental data or existence of PaO 2 + ion are suspicious. Correlation with hydrolysis leads, in return, to values similar to experimental data, without changing K s .
Moreover, it should be noted that the predicted values collected in Table 3 are obtained on the basis of data known with a large uncertainty. This is particularly true for the first hydrolysis constants. It is thus interesting to compare, for example, the constant recently published by Trubert et al. [23] for the equilibrium: PaO(OH) 2+ + H 2 O ⇔ PaO(OH) 2 + + H + (log K
• h2 = −1.27 ± 0.15) to the equivalent value deduced from: log β * * 2 − log β * * 1 − log K w = 19.7 − 10.4 − 14 = −4.7 (according to the CSC method, the designation log β * * i means i-step of complexation starting from PaO 3+ ). The difference is important (3.4 log units), but from the BWT method, two possible K h2 values can be derived, depending on the ionic radii used for X. The first one is closer to the CSC predicted value and the second one is in agreement with the value published in [23] .
Considering now the following equilibrium: PaO(OH) 2+ +2H 2 O ⇔ Pa(OH) 5 + H + also investigated through extraction experiments in [23] , the measured value of log K h3
• (−7.15 ± 0.4) appears not too far from that deduced, in the present work, from the CSC method (−6.7) and the BWT method (−7.02) using a ionic radius of 91 Å (the constant becomes equal to −5.43 with a ionic radius of 78 Å).
At last, the formation of a negatively charged species was pointed out in basic media through diffusion experiments: log K h4 = −9.03 ± 0.1 at I = 0.5) [25] leading to the following estimation of log K h4
• = −8.78 ± 0.1. The predicted values at zero ionic strength corresponding to this equilibrium are −6.5 from the CSC method and −8.3/ − 7.2 from the BWT method with ionic radii 91 Å/78 Å. From the above comparisons, it can be concluded that, in the case of Pa(V), the values obtained from the BWT method with a ionic radius of 91 Å are consistent with the values derived from the CSC method and also with the experimental data, except for K h2 .
Solubility in non complexing media
From the thermodynamic data selected above (average values of Table 2 4 − . However, the configuration used in the present application can be easily modified if experiment justifies a change.
Polynuclear species are expected to play a role on the protactinium solubility. Depending on the way of determining K s value, calculated solubility can be over-estimated (K s derived from the overall solubility) or under-estimated (K s obtained by measuring the ions concentration in solution). However, these effects cannot be quantified and have been neglected in the present work.
Specific interaction theory has been applied to correct the thermodynamic constants (ionic strength chosen equal to 0.1), by using the coefficients given in [23, 24] . An Excel program has been written, which proceeds by steps and allows to plot, for given redox conditions, the speciation diagram of the different protactinium species involved as Fig. 3 . Calculated solubility of protactinium as a function of pH and redox conditions. The used equilibrium constants are described in part IV.
Element
Experimental BrownNeck AllardCalculations (Table 1) Wanner [11] Kipatsiby HSE method [13] Liljenzin [9] (present work) a function of pH as well as the resulting solubility curve. The three dimensions graph given on Fig. 3 shows how pH and redox conditions can influence protactinium solubility. Stability of water against reduction or oxidation is dependent on pH. The validity of the graph is restricted in acidic solution at negative potential (evolution of hydrogen) and similarly in basic solution at high positive potential (formation of oxygen). The stability field for water can be found in [26] . The first calculations reported in the present work show that protactinium solubility would be rather low, with protactinium concentrations close to 10 −6 M in solutions near neutrality and under oxidizing conditions.
Comparison with actinides(IV) and (V)
Besides, it is also interesting to compare the results of our calculations:
-to the data proposed in 1982 by Allard [27] (averages and probable limits) for actinides (except Pa): An 4+ : log β 1 = 13.5 (12.5-13.8); log β 2 = 25.5; log β 3 = 36.0; log β 4 = 45.5; log β 5 = 50; log β 2.2 = 27 and − log K s (AnO 2 ) = 54 (47-64). AnO 2 + : log β 1 = 4.6 (4.0-5.1); − log K s (AnO 2 OH) = 8.8 (8.5-9.3); -to those, reported on Table 4 , already predicted for tetravalent actinides.
The log K s value obtained in the present work for Pa 4+ , 52.9, by using the HSE model, is comprised in the expected interval. Such comparison is only conditional in the case of Pa(V). The more accepted starting aqua species is PaO 3+ , not comparable to other actinides. PaO 2 OH appears to be much more insoluble as compared to the other AnO 2 OH compounds. This can be explained as an experimental error in the measured solubility or as a mistake in the chemical description of the considered system, i.e. equilibrium controlling solubility which could be Pa 2 O 5 + 3H 2 O ⇔ 2PaO 3+ + 6OH − . Further decision must be made on the basis of experiment.
